Abstract: We experimentally demonstrate compact broadband directional couplers using subwavelength gratings for silicon-on-insulator wafers with silicon layers of 220 nm. The dispersion properties of the optical modes are engineered using subwavelength gratings, which allow broadband operation. Finite-difference time-domain (FDTD)-based band structure calculations, with significantly reduced simulation time, were used to analyze the design, which included both the structure and material dispersions. Compact broadband direction couplers, with device lengths shorter than 14 m, which cover a bandwidth of 100 nm for power splitting ratios of 50/50, 40/60, 30/70, and 20/80, are designed and fabricated for the fundamental transverse electric mode with a central operating wavelength of 1550 nm.
Introduction
Optical couplers are essential for coupling light between waveguides in photonic integrated circuits (PICs), which are often used in applications such as wavelength-division-multiplexing [1] and optical switching [2] . Adiabatic couplers [3] , [4] , multimode interference (MMI) couplers [5] , [6] , and directional couplers (DCs) [7] , [8] are three types of optical coupler that are often used in PICs. Adiabatic couplers have the advantage of broad operating bandwidth, and they have been used to form 3-dB couplers [4] and thermo-optic switches [9] . However, in order to avoid the excitation of higher order modes, the lengths of adiabatic couplers are much longer than MMI couplers and DCs. MMI couplers are shorter than adiabatic couplers but are much larger than DCs. In addition, MMI based devices often have strong wavelength dependancies and their coupling ratios are much less predictable when used for weak coupling. Conventional DCs, consisting of two parallel waveguides, are very compact in size, but they are also very sensitive to the wavelength and polarization state of the light. Several methods have been proposed to improve the bandwidths of DCs [7] , [8] , [10] , such as connecting couplers in a Mach-Zehnder interferometer or using a plasmonic waveguide to compensate the wavelength dependancy, but at a cost of increased device footprint, increased fabrication complexity, and increased cost.
Sub-wavelength gratings (SWGs) provide the flexibility to engineer both their index profiles and their dispersion properties and have been used in various silicon-on-insulator (SOI) devices [11] , such as power couplers [12] and biosensors [13] . In [14] , SWGs were used to engineer the dispersion properties of a conventional DC so that a broad operating bandwidth could be achieved. In this paper, we elaborate on the proposed work in [14] by experimentally demonstrating more compact broadband DCs using SWGs, with various power splitting ratios, for SOI wafers with silicon layers of 220 nm, such as those provided by Multi Project Wafer (MPW) foundry services [15] , [16] . In addition, we used Finite-Difference Time-Domain (FDTD)-based band structure calculations to design our SWG DCs. Compared to the commonly used eigenmode expansion (EME) method, in which the SWGs are estimated by the effective medium theory (EMT) [17] , our approach has the following advantages. First, FDTD-based band structure calculations simulate the actual structure and take the material dispersion, the structure dispersion, and the Bragg effect into consideration. The Bragg effect from the SWGs was used to engineer the dispersion properties of the optical modes within our SWG DCs, which was omitted by the EMT method where SWGs are treated as uniform material with equivalent refractive indices. Second, band structure calculations only require simulations of one unit cell of the structure, which significantly reduces simulation times as compared to full-structure FDTD simulations and make efficient device optimization possible. Our SWG DCs are designed for the fundamental transverse electric, TE 00 -like, mode with a central operating wavelength at 1550 nm. Scanning electron microscope (SEM) images of a fabricated SWG DC are shown in Fig. 1 . Our SWG DC consists of a conventional DC with waveguide widths, w , separated by a spacing, g, and SWGs with a period, Ã, and a fill factor, ff , where ff is defined as the ratio of l sub to Ã, and l sub is the length of one grating tooth. The SWGs are extended outside of the waveguides by a distance, t . S bend waveguides are used at the input and output ports to decouple the two parallel waveguides.
Design Methodology and Simulations
A conventional DC consists of two parallel waveguides, where the coupling coefficient is controlled by both the length of the coupling region and the spacing between the two waveguides. The behavior of a DC can be explained based on the phase matching condition between the TE 00 -like mode and the TE 01 -like mode of the two waveguide system. Here, the TE 00 -like mode is the even "supermode" and the TE 01 -like mode is the odd "supermode" of the two waveguide system (from here on, these modes will be referred to simply as TE 00 and TE 01 modes). The field profile for the TE 00 mode and TE 01 mode for a conventional DC are shown in Fig. 2 , which are also known as the symmetric and antisymmetric modes. As the TE 00 and the TE 01 modes travel, the optical power appears to beat back and forth between the two waveguides. The cross-over length, L , is a function of the difference in propagation constants, 1 and 2 of the TE 00 and the TE 01 modes, respectively, and is the minimum length required for the maximum optical power transfer from one waveguide to the other where is the operating wavelength, n eff1 and n eff2 are the effective indices of the TE 00 and TE 01 modes, respectively. The simulated n eff1 and n eff2 values, as functions of for a DC with w ¼ 450 nm and g ¼ 220 nm, are shown in Fig. 3 (a). It can be seen that both the TE 00 mode and the TE 01 mode have normal dispersions (dn=d G 0), and the slope of n eff2 is larger than that of n eff1 . The difference between n eff1 and n eff2 , n, increases as increases. Such a wavelength dependent n leads to a wavelength dependent L , as shown in Fig. 3 (b), which limits the operating bandwidth of conventional DCs. SWGs can be used to engineer the slope of n eff1 so that it is matched to that of n eff2 ; therefore, a n that is less wavelength dependent in the wavelength range that we are interested in can be obtained. As shown in Fig. 3(c) , when is approaching the Bragg wavelength, B ¼ 2 Á n eff Á Ã, of an SWG, from the long wavelength side, the n eff of the fundamental Floquet mode [18] increases dramatically. When the SWGs are applied to a conventional DC, the index perturbation of n eff2 is cancelled in the central region because the TE 01 mode has an antisymmetric field profile. On the other hand, n eff1 increases dramatically as approaches B . Therefore, the slope of n eff1 can be increased to match that of n eff2 . There are five parameters that need to be determined for SWG DCs: Ã, ff , g, t , and the number of grating periods NG. In order to avoid the coupling in the S bend waveguides regions, we used g ¼ 500 nm in our design. It has been found [14] that t should be greater than 400 nm to sufficiently suppress the optical power coupled to the higher order modes and we used t ¼ 500 nm in our design. We used the "Bandstructure" model from the knowledge base provided by Lumerical Solutions, Inc.
[19] to analyze our designs. A schematic of the simulation structure for an SWG DC is shown in Fig. 4 (a). Only one unit cell, one period of the SWG DC, was simulated and Bloch boundary conditions were used in the z direction, which is the propagation direction of the optical modes. The simulations were launched in the time domain and then transferred into the frequency domain using the Fourier transform. The band diagram of an SWG DC can be obtained by running a parameter sweep for various wave vectors, kz ¼ 2=Ã. The band diagram of an SWG DC is shown in Fig. 4(b) , in which the two parallel lines correspond to the TE 00 and TE 01 modes. The simulated transmission spectra from the cross ports as functions of for SWG DCs with ff ¼ 0:25 and various Ã values are shown Fig. 5(a) , where the troughs correspond to B and the peak regions denote the wavelength regions where n is over compensated. In order to achieve a broad operating bandwidth, in the wavelength range from 1500 nm to 1600 nm, we used Ã ¼ 285 nm in our designs. The ff of the SWG DC has both a lower limit, which comes from the fabrication limitation, and an upper limit, which determines the optical power coupled into the higher order mode of the SWG [14] . In our case, 0:2 G ff G 0:3. The simulated transmission spectra from the cross ports for SWG DCs with Ã ¼ 285 nm, and various ff values are shown in Fig. 5(b) . It can be seen that SWG DCs with larger ff values have stronger coupling, which results in smaller L . For a given Ã, ff determines n eff , which in turn determines B . By comparing the wavelength dependent n, over the wavelength range from 1500 nm to 1600 nm, we can find the SWG DC with an optimized ff , with the least wavelength dependency. In our case, ff ¼ 0:28. From the band structure diagram, we can extract n eff1 and n eff2 values as functions of . Therefore, L can be calculated. The n eff1 and n eff2 values, as functions of for the SWG DC with Ã ¼ 0:285 and ff ¼ 0:28, are shown in Fig. 6(a) and the corresponding L , as a function of , is shown in Fig. 6(b) . It can be seen that by using SWGs, the wavelength dependency of L has been reduced from AE7 m to AE1:5 m. The B , determined by Ã and n eff , is about 1425 nm. It should be noted that the optimized ff is for the given Ã used in our design, other combinations of Ã and ff with the same B can provide SWG DCs with similar bandwidths. NG determines the coupling length, which, in turn, determines the power splitting ratio of the design.
After we designed the SWG DC using band structure calculations, full-structure simulations were used to verify the design. The light was launched in the upper waveguide from the left and measured at the cross and through ports on the right. We define the normalized output power for the cross and through ports as 1 ¼ 10Ãlog10ðP 1 =ðP 1 þP 2 ÞÞ and 2 ¼ 10Ãlog10ðP 2 =ðP 1 þP 2 ÞÞ, where P 1 and P 2 are the output power measured from the cross and the through ports, respectively. Fig. 7(a) shows the full-structure FDTD simulation results for the SWG DC with a device length of 13.4 m, which was designed to have a power splitting ratio of 50/50. The designed SWG DC covers a bandwidth of 100 nm, from 1500 nm to 1600 nm, with an imbalance of ±0.55 dB. The simulated insertion loss, IL, as a function of for the SWG DC with the designed power splitting ratio of 50/50 is shown in Fig. 7(b) . The IL as a function of ff for SWG DCs with Ã ¼ 285 nm is shown in Fig. 7(b) . It should be noted that there is a trade-off between the bandwidth and IL and here we chose bandwidth over IL (see Fig. 8 ). In addition, by using a large ff for our design, we also benefit from a small L , which means that the design is space efficient. 
Fabrication and Measurement
A waveguide-based Mach-Zehnder interferometer (MZI) was used to measure the wavelength dependent power coupling coefficient, K , of the designed SWG DCs. The mask layout of the test structure is shown in Fig. 9 . Broadband SWG grating couplers [12] were used to couple the light into and out of the test structures. Identical SWG DCs were used as the power splitter and the combiner in the MZI and were connected by two waveguides with a L of 250 m. When both the splitter and the combiner have a power splitting ratio of 50/50, complete destructive interference occurs when the optical waves from the two arms of the MZI are out of phase. In the case in which the splitting or combining ratios are not 50/50, K can be extracted from adjacent maxima and minima of the spectrum [20] , assuming that the SWG DCs are lossless. For a real field coupling coefficient k , for both the splitter and the combiner and lossless waveguide, the transfer matrix of the test structure shown in Fig. 9 is [21]
and L 2 are the lengths of the waveguides comprising the two arms of the MZI. E out1 and E out2 are the output electric fields from the two output ports of the MZI, which can be calculated from the above matrix to be
From the electric fields, we can obtain the extinction ratios (ERs) of the normalized power intensity for the two output ports as
From (5) we can see that ER 2 is independent of the splitting ratio, and K can only be extracted from ER 1 and is given by
SWG DC test structures, with various power splitting ratios, were fabricated on an SOI wafer with a 220 nm silicon layer on a 3 m silicon dioxide. A JEOL JBX-6300FS system, operating at form electron beam lithography [22] . The samples were on 25 mm squares diced from 150 mm wafers. The machine grid used for shape placement was 1 nm, while the beam stepping grid, the spacing between dwell points during the shape writing, was 6 nm. To characterize the devices, a custom-built automated test setup [23] was used. An Agilent 81600 B tunable laser, with a polarization maintaining (PM) fiber, was used as the input source, and Agilent 81635 A optical power sensors, also with PM fibers, were used as the output detectors. A wavelength sweep from 1500 nm to 1600 nm in 10 pm steps was performed. Due to the fact that the actual thickness of the silicon layer for the SOI wafer used in our fabrication was 206 nm, the optical modes were less confined within the waveguides. Thus, the coupling between the two waveguides of the fabricated SWG DCs was stronger than the design values. Fig. 10(a) shows the measured spectra for a fabricated test structure with SWG DCs which had power splitting ratios close to 50/50. The measured SWG DCs had g ¼ 540 nm, Ã ¼ 285 nm, ff ¼ 0:28, and NG ¼ 47. The g of the fabricated SWG DCs with power splitting ratio close to 50/50 was 40 nm larger than the designed value, which compensated for the increased coupling resulting from the reduced thickness of the silicon layer. Output 1 and Output 2 denote the two output ports of the MZI as shown in Fig. 9 . Fig. 10(b) shows the normalized powers from the two ports of a fabricated SWG DC, which were calculated using (6) and the maxima and minima shown in Fig. 10(a) . The ILs from the input and output grating couplers have been calibrated out. The measured SWG DC covered a bandwidth of 100 nm with an imbalance of ±0.7 dB, which agrees with the simulation results shown in Fig. 7 . The power splitting ratios of an SWG DC can be controlled by either changing NG or ff . We used NG to control K in order to avoid the potential power coupling into a higher order mode. Test structures for SWG DCs with power spitting ratios of 40/60, 30/70, and 20/80 have also been fabricated and measured, with their measurement results shown in Fig. 11(a) -(c), respectively. 
Conclusion
In this paper, we experimentally demonstrated compact and broadband SWG DCs, with device lengths shorter than 14 m, which have bandwidths of 100 nm for various power splitting ratios using SOI wafers with silicon layers of 220 nm. FDTD based band structure calculations were used to analyze the designs, which provide more accurate results, as compared to the commonly used EME method with EMT, and which can also be applied to design other periodic structures.
